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Chapter 1 Introduction  
This chapter briefly introduced the Ti- and Zr-based non-oxide materials and their composites. Because of high melting 
temperatures, high hardness, high strength-to-weight ratio, excellent chemical corrosion resistance, and good electrical and 
thermal conductivities of the Ti- and Zr-based non-oxide ceramics, they are promising for cutting tools, protection coatings, 
armor, next-generation space vehicles, and electrodes. The concept of in-situ eutectic composites was brought in. The in-
situ composites produced by eutectic reactions usually have fine and uniform microstructures, strong and clean interfaces, 
and thermodynamic compatible phases, and exhibit superior mechanical properties, including wear resistance and fracture 
toughness, compared to their constituent components. However, researches on eutectic composites are mainly focused on 
metallic oxide eutectics in the past several decades. The Ti- and Zr-based eutectic composites draw much less attention due 
to their high melting temperatures that make them very difficult to process by conventional sintering. By now, no research 
has been conducted on the synthesis of TiB2-TiC-TiN and ZrB2-ZrC-ZrN 
eutectic composites.  
Chapter 2 Preliminary investigation  
Some physical and mechanical properties of the starting materials used in 
the present study, i.e., TiB2, TiC, TiN, ZrB2, ZrC, and ZrN, were described 
based on literature survey. All these Ti- and Zr-based staring materials have 
melting temperature over 3000 K, and TiB2, TiC, ZrB2, and ZrC are known as 
ultrahigh-temperature ceramics (melting temperatures above 3273 K). TiB2 
and ZrB2 have the same hexagonal crystal structures of AlB2-type, and TiC, 
TiN, ZrC, and ZrN share the same face-centered cubic crystal structures of the 
NaCl-type. The Ti- and Zr-based ceramics have high hardness, whereas 






Fig. 1 Bright-field TEM image of the 
TiB2-TiCxN1-x rod-like eutectic structure 
(a), and SAED patterns of TiB2 matrix 
(b) and TiCxN1-x rods (d), and that of the 




C-N and Zr-B-C-N systems were reviewed. TiB2-TiC, TiB2-TiN, ZrB2-ZrC, and ZrB2- ZrN are quasi-binary eutectic 
systems. TiC-TiN and ZrC-ZrN can form complete solid solution systems of TiCxN1-x and ZrCxN1-x, respectively. The 
difficulties of preparation of Ti- and Zr-based composites were discussed. Arc-melting was used to consolidate these Ti- 
and Zr-based materials because its ability to generate high temperatures. The materials preparation procedure and 
characterization methods were generally described in this chapter. The purposes of the current study were to synthesize Ti- 
and Zr-based non-oxide eutectic composites (e.g., TiB2-TiC, TiB2-TiN, TiB2-TiC-TiN, ZrB2-ZrC, ZrB2-ZrN, and ZrB2-ZrC-
ZrN eutectic composites) by melt-solidification techniques (arc-melting and floating-zone), and to investigate the 
microstructures and mechanical properties of the prepared Ti- and Zr-based non-oxide in-situ composites. The crystal 
orientation relationships between phases in the Ti- and Zr-based eutectic composites were also examined.   
Chapter 3 TiB2-TiC-TiN composites produced by melt-solidification 
This chapter explained the synthesis of TiB2-TiC, TiB2-TiN, and TiB2-TiC-TiN in-situ composites. The microstructures, 
mechanical properties, and crystal orientation relationships between phases in the 
produced Ti-based eutectic composites were investigated. The TiB2-TiC, TiB2-TiN, and 
TiB2-TiC-TiN in-situ composites were produced by arc-melting TiB2, TiC, and/or TiN 
starting powders in an Ar or N2 atmosphere, respectively. TiB2-TiC was a quasi-binary 
eutectic system, consisting of TiB2 and TiC two phases. The 28TiB2-72TiC (mol%) 
composite  showed a lamellar eutectic structure, in which TiB2 lamellae dispersed in the 
TiC matrix. The arc-melted TiB2-TiN composites were composed of TiB2, TiB, and Ti3N 
three phases, irrespective of the TiN contents. The formation of TiB was caused by the 
reaction between TiB2 and TiN during arc-melting. The TiB2-TiN composite with a 
nominal composition of 55TiB2-45TiN (mol%) showed a lamellar structure, where the 
TiB2 lamellae dispersed in the Ti3N matrix and aligned parallel to {112̅0}. The 55TiB2-
45TiN (mol%) composite with a lamellar structure exhibited a relatively low Vickers 
hardness of 18.9 GPa (indentation load: 2 N). The arc-melted TiB2-TiC-TiN composites 
consisted of TiB2 and TiCxN1-x two phases at TiN contents less than 20 mol%. On the other 
hand, the TiB2-TiC-TiN composites were composed of TiB2, TiCxN1-x, and TiB three 
phases. TiC and TiN formed complete solid solutions of TiCxN1-x. TiB was a product of 
the reaction between TiB2 and TiN.  
For the TiB2-TiCxN1-x quasi-binary composites, the C/N ratio controlled the 
morphologies of the TiB2-TiCxN1-x eutectic microstrucutres. With increasing C/N ratio 
from 2.2 to 5.5, the morphologies of the TiB2-TiCxN1-x eutectic composites with about 36 
mol% TiB2 changed from rod-like to lamellar. Fig. 1(a) shows a bright-field TEM image of 
the 36TiB2-44TiC-20TiN (mol%) composite having a rod-like eutectic structure, in which 
the TiCxN1-x rods were dispersed in the TiB2 matrix and no grain boundaries were observed 
neither in the TiCxN1-x rods nor in the TiB2 matrix. This indicated that both the TiCxN1-x 
rod and the TiB2 matrix as a whole were single-crystals. The TiCxN1-x rods were 














Fig. 2 Bright-field TEM 
image of the transverse 
section of the TiB2-TiCxN1-x 
rod-like eutectic structure 
(a), SAED patter of region c 
(b), HRTEM image of 




selected area electron diffraction (SAED) patterns of TiB2, TiCxN1-x, and the interface region are shown in Figs. 1(b), (d), 
and (c), respectively. At the interface region between TiB2 and TiCxN1-x, a set of sixfold symmetric diffraction spots of TiB2 
 {112̅0} coincided with a set of sixfold diffraction spots of TiCxN1-x  {220} (Fig. 1(c)). These SAED patterns indicated the 
formation of a coherent interface between the two phases with crystal orientation relationships of TiB2 ˂0001˃ // TiCxN1-x 
˂111˃ and TiB2  {112̅0}  // TiCxN1-x  {2̅02}. Fig. 2 (a) shows a bright-field TEM image of a cross section of the TiB2-
TiCxN1-x rod-like eutectic structure. The SAED pattern at the interface area designated as (b) is presented in Fig. 2(b). The 
TiCxN1-x rods with dark contrast were elongated in the direction parallel to TiB2 ˂0001˃ and TiCxN1-x ˂111˃. The contrast 
of the TiCxN1-x rods changed at the interface region (b), and closely spaced superspots were identified along the reciprocal 
vector of TiB2 0001 and TiCxN1-x 111 as indicated by white arrows in Fig. 2(c). This suggested a long-range ordered 
structure of Ti-B-C-N formed by the intermixing of TiB2 and TiCxN1-x in the TiB2-TiCxN1-x interface region (b). The TiB2-
TiCxN1-x rod-like eutectic composite exhibited a relatively high Vickers hardness of 22.5 GPa (indentation load: 2 N), but 
showed a relatively low fracture toughness of 3.2 MPa m1/2.  
Chapter 4 ZrB2-ZrC-ZrN composites produced by melt-solidification 
This chapter was about the preparation of ZrB2-ZrC, ZrB2-ZrN, and ZrB2-ZrC-ZrN in-situ composites. The Ti- and Zr-
based in-situ composites were produced by arc-melting ZrB2, ZrC, and/or ZrN starting powders in an Ar or N2 atmosphere, 
respectively. All the ZrB2-ZrC, ZrB2-ZrN, and ZrB2-ZrC-ZrN systems were quasi-binary eutectic systems. The 55ZrB2-
45ZrC (mol%) composite had a rod-like eutectic structure, in which ZrC single-crystal rods dispersed in the ZrB2 single-
crystal matrix. The crystal orientation relationship between the ZrB2 matrix and the ZrC rod was ZrB2 {0001} // ZrC {001}. 
The 55ZrB2-45ZrC (mol%) rod-like eutectic composite exhibited the highest Vickers hardness of 18.3 GPa (indentation 
load: 2 N), but showed a relatively low fracture toughness of 2.8 MPa m1/2. The arc-melted 48ZrB2-52ZrN (mol%) 
composite also showed a rod-like eutectic structure, where hexagonally-faceted ZrN single-crystal rods dispersed in the 
ZrB2 single-crystal matrix with crystal orientation relationships of ZrB2 ˂0001˃ // ZrN ˂111˃ and ZrB2  {112̅0}  // ZrN 
 {2̅02}. The rectilinear facets of the ZrN rods corresponded to {02̅2} planes. The texture growth was attributed to the 
interatomic coherence between the ZrB2 and ZrN lattices. The 48ZrB2-52ZrN (mol%) rod-like eutectic composite showed a 
relatively high Vickers hardness of 18.4 GPa (indentation load: 2 N), whereas exhibited a relatively low fracture toughness 
of 3.2 MPa m1/2. The eutectic composition of the ZrB2-ZrC-ZrN system was found to be 50ZrB2-50ZrCxN1-x (mol%), 
irrespective of the mole ration between ZrC and ZrN. ZrC and ZrN formed complete solid solutions of ZrCxN1-x. Fig. 3 
presents a bright-filed TEM image of the 50ZrB2-30ZrC-20ZrN (mol%) composite showing a rod-like eutectic structure, in 
which ZrCxN1-x rods were dispersed in the ZrB2 matrix and no grain boundary was observed neither in the ZrCxN1-x rods nor 
in the ZrB2 matrix. This suggested that the ZrCxN1-x rods and the ZrB2 matrix were single-crystals. The crystal orientation 
relationship between ZrB2 and ZrCxN1-x in the rod-like eutectic structure was ZrB2 {112̅0} // ZrCxN1-x {2̅02} and ZrB2 
˂0001˃ // ZrCxN1-x ˂111˃. Fig. 4 depicts the atomic alignments of ZrB2 and ZrCxN1-x perpendicular to the growth direction 
of ZrCxN1-x rods. The interplanar distance of the {01̅10} planes in ZrB2 is 0.2744 nm, which is similar to that of the {2̅11} 
planes in ZrCxN1-x (0.2848-0.2873 nm, depending on the value of x). Lattice matching between the ZrB2 and ZrCxN1-x 
lattices could have resulted in the formation of the hexagonal facets of ZrCxN1-x rods as shown in Fig. 3. The rectilinear 
facets of the ZrCxN1-x rods corresponded to {2̅11}. The 50ZrB2-50ZrCxN1-x (mol%) rod-like eutectic composites showed the 
highest Vickers hardness of 18.6 GPa (indentation load: 2 N), whereas exhibited a relative low fracture toughness of 2.7 
MPa m1/2. The Vickers hardness of the ZrB2-ZrCxN1-x rod-like composites was load-dependent and became constant with an 
abrupt transition to a constant value about 15 GPa at indentation load of 10 N.  
Chapter 5 Conclusions   
This chapter concluded the current study. The arc-melted TiB2-TiN 
composites consisted of  TiB2, TiB, and TiN three phases, irrespective of 
the TiN contents. The 55TiB2-45TiN (mol%) composite showed a lamellar 
structure, where the TiB2 lamellae aligned parallel to  {112̅0}. The 28TiB2-
72TiC (mol%) composite showed a lamellar eutectic structure, in which 
TiB2 lamellae dispersed in the TiC matrix. The 55ZrB2-45ZrC (mol%) and 
48ZrB2-52ZrN (mol%) composites both showed rod-like eutectic structures, 
in which ZrC or ZrN single-crystal rods dispersed in  the single-crystal 
ZrB2 matrix, respectively. The TiB2-TiC-TiN and ZrB2-ZrC-ZrN systems 
were both quasi-binary eutectic systems of TiB2-TiCxN1-x and ZrB2-ZrCxN1-x, 
respectively. The 36TiB2-44TiC-20TiN (mol%) composite and the ZrB2-
ZrC-ZrN composites with 50 mol% ZrB2 showed rod-like eutectic 
structures, where the single-crystal carbonitride rods (TiCxN1-x or ZrCxN1-x) 
were dispersed in the single-crystal borides matrices (TiB2 or ZrB2), 
respectively. For the TiB2-TiCxN1-x eutectic composites, the C/N ratio 
controlled the morphologies of the microstructures. With increasing C/N 
ratio (the mole ratio between TiC and TiN) from 2.2 to 5.5, the 
microstructures of the TiB2-TiCxN1-x eutectic composites changed from rod-
like to lamellar. However, the ZrB2-ZrCxN1-x composites with 50 mol% 
ZrB2 showed similar rod-like eutectic structures, irrespective of the C/N 
ratio (the mole ratio between ZrC and ZrN). With increasing C/N ratio, the 
diameter of the ZrCxN1-x rods slightly increased. In the TiB2-TiCxN1-x, ZrB2-
ZrN, and ZrB2-ZrCxN1-x rod-like eutectic composites, orientation 
relationships between the hexagonal matrices and the rod-like cubic phases 
were {112̅0} // {2̅02} and ˂0001˃ // ˂111˃, whereas in ZrB2-ZrC rod-like eutectic composite, the crystal orientation 
relationship was ZrB2 {0001} // ZrC {001}. A long-range ordered superstructure was formed at the TiB2-TiCxN1-x interface 
region in the TiB2-TiCxN1-x rod-like eutectic structure. The ordered structure, which was attributed to the interatomic mixing 
of TiB2 and TiCxN1-x, showed a stacking structure along the TiB2 ˂0001˃ and TiCxN1-x ˂111˃ directions. 
The 55TiB2-45TiN (mol%) composite having a lamellar structure showed a relatively low Vickers hardness. The TiB2-
TiCxN1-x, ZrB2-ZrN, ZrB2-ZrC, and ZrB2-ZrCxN1-x composites with rod-like eutectic structures all exhibited higher hardness 
than that of hypo- and hyper-eutectic composites with near-eutectic compositions, whereas showed relatively low fracture 
toughness. The Vickers hardness was load-dependent at low indention loads and became constant with an abrupt transition 
to a constant value at a threshold load.    
 
Fig. 3 Bright-field TEM image of the 
ZrB2-ZrCxN1-x rod-like eutectic structure 
(a), and SAED pattern of ZrB2 matrix (b) 
and that of ZrCxN1-x rods (c) 
 
Fig. 4 Illustration of ZrB2 and ZrCxN1-x 
along ZrB2 ˂0001˃ and ZrCxN1-x ˂111˃ 
directions 
